Free (surface) avian respiratory macrophages (FARMs) were harvested by lavage of the lung^air-sac system of the rock dove, Columba livia. The presence of FARMs in the atria and infundibula was con¢rmed by scanning electron microscopy. The respiratory system has developed several cellular defence lines that include surface macrophages, epithelial, subepithelial and interstitial phagocytes, and pulmonary intravascular macrophages (PIMs). Hence, C. livia appears to have a multiple pulmonary cellular protective armoury. Ultrastructurally, the FARMs and the PIMs were similar to the corresponding cells of mammals. The purported high susceptibility of birds to respiratory diseases, a state that has largely been deduced from morbidities and mortalities of commercial birds, and which has chie£y been attributed to paucity of the FARMs, is not supported by the present observations.
INTRODUCTION
Among the evolved air-breathing vertebrates, the lungâ ir-sac system of birds is the most complex and e¤cient gas exchanger (e.g. King & McLelland 1989) . The design, nevertheless, is not a prerequisite for £ight as bats with a typical mammalian lung (Maina 1985) but with certain morphometrical (e.g. Maina et al. 1991) and physiological specializations (e.g. Thomas 1987 ) are excellent active £yers (e.g. Norberg 1976 ). In the course of attaining a singular respiratory capacity, the avian lung appears to have contracted certain fundamental structural and functional divestitures (Maina 1994 (Maina , 1998 . In recent accounts (e.g. Evans 1996; Klika et al. 1996; Spira 1996) , it was remarked that birds are exceptionally susceptible to infections of the respiratory system. Vast economic losses in the poultry industry have been attributed to mortalities ensuing from pulmonary infections (e.g. Mensah & Brain 1982; Ficken et al. 1986; Toth & Siegel 1986; Toth et al. 1988) . These deductions have been based on circumstantial evidence and lack resolute experimental basis. The extensive anatomical plan of the lung^air-sac system of birds has speculatively been alleged to predispose it to fast di¡usion of air-borne diseases while intensifying the spread of harmful e¡ects of toxic air pollutants (e.g. Evans 1996) . Paucity of free (surface) avian respiratory macrophages (FARMs) (e.g. Ficken et al. 1986; Stearns et al. 1986 Stearns et al. , 1987 Toth & Siegel 1986; Toth et al. 1987 Toth et al. , 1988 and de¢ciencies of certain enzymes of the oxidative metabolism of the polymorphonuclear leukocytes (e.g. Penniall & Spitznagel 1975; Bellavite et al. 1977) have been deduced to validate the purported high susceptibility of the avian respiratory system to pathogens and toxicants (e.g. Toth et al. 1988) . Although a scarcity of the FARMs has unequivocally been demonstrated, that on its own should not ipso facto predestine that the defence potential of the avian respiratory system is inadequate. The surface macrophages constitute one of many components of the evolved inventory of the defence lines of the respiratory system (e.g. Chandler & Brannen 1990; Atwal et al. 1992) . Whereas details about the cellular defence mechanisms of the mammalian lung are available (e.g. Brain 1988), in birds, relatively little is known about these processes. The characterization and functional typing of the FARMs has been hindered by technical di¤culties of collecting enough viable cells for experimentation (Ficken et al. 1986) . Studies on the blood monocytes, splenic macrophages and peritoneal exudate macrophages have been extrapolated to apply to the respiratory macrophages (e.g. Patton 1970; Kodama et al. 1976) . The dynamics of the FARMs, their de¢nitive location on the respiratory surface and their modus operandi in the destruction of pathogens are obscure.
Here, using morphological studies, we have endeavoured to answer the following questions: (i) do FARMs occur on the respiratory surfaces of birds, and (ii) from a morphological perspective, is there validity in the presumption that the respiratory defences in birds are qualitatively inadequate and/or quantitatively insu¤-cient ?
MATERIAL AND METHODS
Five mature urban-raised rock doves, Columba livia, were killed by intravenous injection of an overdose of a barbiturate (a) Pulmonary lavage, cell counting, and processing for transmission electron microscopy (TEM)
The trachea was cannulated and the respiratory system instilled with phosphate-bu¡ered saline (PBS) at 30 cm H 2 O pressure. The £uid was aspirated after about 1min and the volume determined. A sample of 10 ml of the £uid was centrifuged for 10 min at 350 g. The pellet was resuspended in 100 ml of saline, stained with trypan blue, and the cells counted with a haemocytometer. The remaining £uid was spun at 350 g for 20 min and the cells ¢xed in 2.3% glutaraldehyde before processing them through the standard laboratory techniques.
(b) Fixation of the lungs and processing of tissues for scanning electron microscopy (SEM) and TEM
After aspirating the lavage £uid, the lungs were ¢xed in situ by instillation with 2.5% glutaraldehyde. Subsequently, the lungs were removed and cut both into small cubes and into very small pieces, which were routinely processed for SEM and TEM, respectively.
RESULTS

(a) Lavages and cell counts
The measurements of the lavage volumes and the determinations of cell counts are shown in tables 1 and 2.
(b) Cell morphology
FARMs were observed on the surfaces of the atria and infundibula by SEM (¢gures 1 and 2). The lavaged macrophages had a large, s-shaped heterochromatic nucleus; long, thin ¢lopodia; rough endoplasmic reticulum (RER); interspersed vesicular bodies; and small, di¡use mitochondria (¢gure 3). The exfoliated epithelial cells were columnar, ciliated, and contained vesicular bodies (¢gure 4). Layers of epithelial cells lined the walls of the atria and the infundibula (¢gure 5). Interstitial cells were found close to the air capillaries (¢gure 6). The subepithelial cells contained scattered heteromorphic bodies, di¡use granules, RER and small vesicles. Bundles of collagen ¢bres were intercalated between the cells (¢gure 5). Intravascular macrophages (¢gure 6), interstitial cells (¢gure 7) and polymorphonuclear leukocytes (¢gure 8) were observed in the pulmonary vasculature.
DISCUSSION
The modern gas exchangers have evolved either as evaginations or invaginations from certain parts of the body (Maina 1994 (Maina , 1998 . These designs were imposed by factors such as the physicochemical characteristics of the respiratory medium used, the nature of habitat occupied, and the lifestyle pursued. To promote gas exchange by di¡usion, extensive surface areas and thin tissue barriers were contrived. Although these features enhanced the £ux of respiratory gases between the body and the environment, the capacity of the body to physically ward o¡ harmful biological pathogens and ameliorate the harmful e¡ects of toxic environmental pollutants at such sites was innately compromised. Without developing an e¤cient defence mechanism, the respiratory organs would o¡er easily assailable areas during the incessant assaults by pathogens and toxic substances. Subscribing to the highly analytical progression of evolution by natural selection, it is legitimately conceivable that the re¢nements of the gas exchangers were closely accompanied by formation of apt defence devices. Scarcity (e.g. Ficken et al. 1986; Stearns et al. 1986; Toth & Siegel 1986; Toth et al. 1988) and even lack of the FARMs (e.g. Stearns et al. 1987; Klika et al. 1996; Lorz & Lo¨pez 1997) ) are 71 times greater than those recovered from the respiratory system of the much larger chicken (2.5 Â10 5 ) (e.g. Holt 1979; Toth & Siegel 1986 ) and 110 times those of the rock dove (1.6 Â10 5 ) (this study). The average number of macrophages in the rock dove was lower than that of the much larger domestic fowl (Toth & Siegel 1986; Toth et al. 1987 ) and the turkey (1.15 Â10 6 ) (Ficken et al. 1986 ). An allometric correlation between the number of FARMs and body size appears to occur in birds. Environmental factors such as level and nature of pollution and lifestyle may, however, play a more important role in determining the number and distribution of pulmonary respiratory macrophages than body size itself. In 30-year-old human beings, 1.5 Â10 7 and 5.2 Â10 7 macrophages were harvested by bronchopulmonary lavage from a non-smoker and a smoker, respectively (Hof et al. 1990) .
Practical and technical reasons might help reconcile the discordance between the observations made bỳ lavagers' (e.g. Ficken et al. 1986; Toth & Siegel 1986; Toth et al. 1988) and`microscopists' (e.g. Anderson et al. 1966; Hayter & Besch 1974; Oyetunde et al. 1978; Mensah & Brain 1982; Stearns et al. 1987; Klika et al. 1996; Loz & Lo¨pez 1997; Scheuermann et al. 1997) and explain why FARMs are elusive on bird lung tissues prepared for TEM. These are that (i) relatively few cells are spread over an extensive surface area (e.g. Maina et al. 1989) ; (ii) remarkably small pieces of tissue are routinely sampled, processed and viewed with TEM; and (iii) the cells may physically detach from the respiratory surface during the long, caustic process of tissue preparation. Stearns et al. (1987) envisaged that FARMs may not occur in the parabronchi of the avian lung owing to (i) the extremely long distances the cells would be required to travel to deliver the ingested particles to the immediate ciliated parts of the lung (the secondary bronchi) for clearance, and (ii) the remarkably narrow diameters of the air capillaries, which cannot accommodate large motile cells. Mensah & Brain (1982) reported clearance of inhaled insoluble technetium from the lungs of birds but the actual mode of transport at the parabronchial level was not clear. In birds, the entrapped particles may not necessarily be eliminated through the air-way mucocilliary escalator system. Stearns et al. (1987) showed that in chickens, the ingested particles (¢rst trapped by the trilaminar substance) were transferred to the epithelial cells and subsequently delivered to the basal aspects of the underlying interstitial macrophages. Ultimately, the particles may be solubilized in situ, stored in the interstitial spaces in the exchange tissue, or phagocytosed by the pulmonary intravascular macrophages (PIMs).
It is now widely recognized that the cellular elements of the mononuclear phagocytic system arise from the bone marrow (e.g. van Furth 1982) . After undergoing certain ultrastructural and biochemical changes, the cells pass into the blood and ultimately settle in the body tissues where they form the`resident tissue macrophages' (e.g. Lasser 1983 ). In a steady-state lung, it is conjectured that the alveolar macrophage is the de¢ni-tive stage in the developmental continuum of the blood monocyte, with the interstitial macrophage representing a precursor stage in the maturation process (e.g. Bowden 1987) . Interestingly, certain pulmonary phagocytes do not have to leave the pulmonary vasculature and pass through the air^blood barrier to the surface of the lung to secure the functional attributes of fully di¡erentiated macrophages (e.g. Betram et al. 1989) : these are the pulmonary vascular resident macrophages, cells that adhere to the vascular endothelial cell wall. The cells have been found in the mammalian lung (e.g. Winkler 1988; Dehring & Wismar 1989; Atwal et al. 1992 ) and, to our knowledge, for the very ¢rst time, in that of a bird (this study).
The presence of red blood cells (RBCs) in all our lavages was intriguing. In the chicken, Toth & Siegel (1986) similarly observed RBCs in their lavages. Although it was tempting to deduce that the likely sources of the RBCs was from vascular damage after the desquamation of the respiratory epithelium or from subclinical respiratory pathologies, we envisage that the extravasation may occur from occasional inconsequential mechanical failures of the extremely thin pulmonary capillary vessel walls (Maina & King 1982) : systolic pressures as high as 53 kPa have been determined in the domestic turkey (Speckman & Ringer 1963) .
In summary, birds appear to have developed multiform pulmonary cellular defences. Ultrastructurally, the FARMs and the PIMs resemble the analogous cells in mammals. While other reasons such as a distinctive design and functional complexities may be pertinent to it, the surmised high susceptibility of the avian lung to pathogens, based solely on the paucity of the FARMs, may be grossly invalid. Species of birds that lead di¡erent lifestyles and occupy distinct habitats need to be investigated to determine whether or not common or di¡erent pulmonary cellular defence contrivances and strategies have developed in this numerically large and ecologically di¡use vertebrate taxon.
